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ABSTRACT 
  
 The fate of subsurface oiled sands collected from Fourchon Beach in Louisiana were 
determined while modifying biogeochemical controls on the degradation of PAHs. Groundwater 
on the beach has intrinsically low dissolved oxygen concentrations, which may limit natural 
biodegradation of the crude oil components. The intent of this research was to characterize the 
biogeochemical properties and degradability of oiled sands (with >10% of pore filled with 
MC252 oil) using a combination of laboratory flow-through reactor studies, field measurements 
and time-series microelectrode profiles of down-flow and cross flow geometries.  
 Reactor experiments indicate that optimal conditions for substantial oil degradation are 
aerobic under advective-dispersive transport processes, and when amended with N and P (DO > 5 
mg/L, > 6 mg-N/L, and > 0.6 mg-P/L). Cross-flow reactor studies, which mimic the presence of 
oiled sands over impermeable clayey deposits, showed no significant (P < 0.05) degradation of 
phenanthrenes or benzenothiophenes. Time series O2. microelectrode profiles showed that down-
flow reactors had greater O2 penetration (>14 mm) than cross-flow geometries, which remained 
largely oxygen deficient at depths greater than 7 mm. Aerobic degradation of MC252 oil deposits 
on Fourchon Beach will be controlled by field transport mechanisms of available nutrients and 
oxygen. Due to low oxygen concentrations in natural groundwater at Fourchon Beach, in 
conjunction with low oxygen penetration depths and availability of nutrients, the rate of oil 
biodegradation in these environments is likely to be severely impeded. 
1 
CHAPTER 1. INTRODUCTION AND OUTLINE 
 
1.1 Background 
 On April 20, 2010, the Deepwater Horizon exploratory well, exploded releasing an 
estimated 4.4 x 106 barrels of oil over the course of the next 84 days (Crone and Tolstoy 2010). 
Containment and cleanup efforts began immediately. Millions of gallons of dispersants were 
used on the surface and at the leaking wellhead. Of the oil released, 3% was skimmed, 5% 
burned, 8% chemically dispersed, 16% naturally dispersed, 17% captured, 25% evaporated or 
dissolved, and 26% remained as of 2010(Atlas and Hazen 2011).  
 Grand Isle, on the coast of Louisiana was oiled early May 2010 and repeatedly thereafter 
(OSAT-II 2011). It happened to receive the heaviest oiling among the 4 states studied 
(Louisiana, Mississippi, Alabama, and Florida) in the OSAT-II report. In addition, the oil that 
washed ashore at this location had less time to weather while at sea. Though Fourchon Beach 
was cleaned at STR Stage III cleanup standards (no visible oil or oiled debris above background 
level of oiling based on natural Gulf oil seeps and beach oiling for both surface and subsurface 
oil), Grand Isle had the highest amount of oiled counts as of 2010, as depicted in Figure 1 
(OSAT-II 2011). 
 The state of the oil upon reaching shorelines was weathered by dissolution, evaporation, 
photo-oxidation, and emulsification processes (OSAT-II 2011). Oil reaching the shoreline was 
depleted of BTEX and low molecular weight compounds (Atlas and Hazen 2011), leaving 
behind heavier molecular weight polycyclic aromatic hydrocarbons, PAHs, and other recalcitrant 
compounds such as asphaltenes and resins. These compounds are not easily degraded and can 
remain in the environment for many   
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Figure 1: Gulf Coast Oiling taken from (OSAT-II 2011) 
 
years, as was the case in Prince William Sound from the Exxon Valdez spill in 1989 (Atlas and 
Hazen 2011). 
 Controls on biogeochemical degradation of crude oil have long been studied and several 
key factors have been identified that clearly affect the rates at which mineralization will occur. 
Nutrient loading, and redox conditions are of primary interest. Nutrient loading was studied in 
Fourchon salt marshes, by the addition of nitrogen which was found to increase zero order 
mineralization constants for phenanthrene up to 15.4-19.2% (Shin, Pardue et al. 2001). In 
addition to nutrient stimulation, redox conditions profoundly affect the biodegradation rate of 
PAHs. Though aerobic degradation is much faster and complete than anaerobic processes 
3 
(Baboshin and Golovleva 2012), it has been established that anaerobic degradation is substantial. 
It was found in a study conducted in Barataria Bay, LA, that under sulfate reducing conditions 
and observed 55% reduction of total petroleum hydrocarbons occurred after 80 days (Boopathy, 
Shields et al. 2012).  
 Location in the environment plays an equally important role in the transport of 
macronutrients to the microorganisms. Studies in Prince William Sound showed that remaining 
oil residue from the Exxon Valdez spill was buried in beaches as thin (typically 10 cm thick) 
lenses containing fine grained sediments. Low water flow did not allow oxygen and nutrients in 
the surrounding pore waters to flow through the oil layer, limiting biodegradation, even though 
there were sufficient concentrations of nutrients and oxygen in the adjacent pore water to support 
biodegradation (Atlas and Hazen 2011) Situations such as these have become and increasing 
concern in coastal areas such as Fourchon beach, where oil in the supratidal zone has been found 
buried at depths up to 41 inches (OSAT-II 2011). 
 Oiled sands on Fourchon beach are often buried in intertidal zones by occasional 
hurricanes and weaker tropical systems and more frequent frontal systems, which produce 
elevated water levels and large waves (heights >1 to 2 meters), resulting in over wash, and 
barrier breaching (Georgiou, FitzGerald et al. 2005). As a result of these processes, the 
distribution of oiled sands through the beach profile quite often consists of 2-8 feet of sand 
overlaying a confining clay deposit. In situations such as these, transport of oxygen occurs via 
diffusion processes, leading to the implication that buried oil will degrade much more slowly due 
to oxygen diffusions limitations.  
 Oil was deposited along the beach in three zones: the subtidal zone (below mean low 
water), the intertidal zone (between low and high tide) and the supratidal zone (above the high 
4 
tide to the dunes).Oil in the subtidal zone is primarily in the form of submerged oil mats (SOM). 
In the supratidal zone oil is refered to as supratidal buried oil (SBO).Residual oil can be found in 
the form of small surface residual balls (SSRB) in all zones (OSAT-II 2011; Urbano, Elango et 
al. 2013).Buried oil is more difficult to quantify due to difficulties locating and removing them 
(OSAT-II 2011). Additionally, transport mechanisms can be limited to diffusion based on 
location isolating small pockets of oil.  
 The intent of this research is to characterize the biogeochemical properties and 
degradability of oiled sands (with >10% of pore filled with MC252 oil) using a combination of 
laboratory flow-through reactor studies, field measurements and time-series microelectrode 
profiles of down-flow and cross flow geometries. The following chapters will outline the 
methods, results and implications for studies conducted. 
 
1.2 Research Objectives 
 The objectives of this research were to: 
 1) Characterize oxygen dynamics within buried and exposed oiled sands 
 2) Determine biodegradation potential and impact of nutrient, dissolved oxygen, and flow 
regime on hydrocarbon degradation. 
Objective 1 will be addressed in Chapter 2 and Objective 2 will be addressed in Chapter 3. 
 
1.3 Environmental Relevance of the Study 
 The Deepwater Horizon oil spill had adverse impacts to ecological and economic systems 
along the Louisiana Gulf coast. Within the Caminada Headlands beach, comprised of Fourchon 
Beach and Elmer’s Island, oiled sands are often buried in intertidal zones At Fourchon beach, oil 
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has been found buried at depths up to 41 inches (OSAT-II 2011). It was the intention of this 
research to determine the fate of residual oiled sands, specifically on Fourchon Beach.  
 
1.4 Organization of the Thesis 
 Chapter 2 reviews oxygen dynamics for oiled sands from Fourchon Beach, LA, in cross-
flow and down-flow reactors and presents several models for oxygen penetration depths and 
fluxes based on flow regime. Chapter 3 investigates the affect of nutrients, oxygen, and flow 
regime on PAH degradation in heavily oiled sands. Lastly, Chapter 4 summarizes results from 
both chapters and future research needs and opportunities.   
6 
CHAPTER 2. OXYGEN DYNAMICS IN HEAVILY OILED BEACH SANDS 
 
2.1 Introduction 
 Louisiana’s coastal headland beaches were disproportionately impacted by MC252 crude 
oil from the Deepwater Horizon leak.  Oil first washed ashore in May 2010 as an emulsion of 
water and oil, subsequently mixed with sand and shell to form smaller aggregates and larger mat-
like geometries  (Urbano, Elango et al. 2013). These oiled sands are often buried in intertidal 
zones by occasional hurricanes and weaker tropical systems and more frequent frontal systems, 
which produce elevated water levels and large waves (heights >1 to 2 meters), resulting in over 
wash, and barrier breaching (Georgiou, FitzGerald et al. 2005). The net result of these processes 
is the distribution of oiled sands through the beach profile, which in these coastal headland 
systems consists of 2-8 feet of sand overlaying a confining clay deposit. 
 The supply of oxygen to these buried oiled sands will strongly influence the rate and 
extent of weathering (Rowland, Lindley et al. 2000; Boufadel, Sharifi et al. 2010). Flow regimes 
in beach groundwater determine to a large degree which transport mechanisms for oxygen are 
dominant within the beach profile. For buried oil deposits 2 flow-regimes are possible, advective 
flux of oxygenated tidal water through the oiled sand and diffusive flux into the oiled sands when 
the conductivity or geometry prevents advective flux into the layer. With high turbulence, wash 
over, or strong currents advective processes can have a large effect on oxygen penetration (Cook, 
Wenzhoefer et al. 2007). These flow regimes can be common when an impermeable clayey layer 
lies beneath a buried lens of oiled sand. Several studies have validated the use of zero, first, and 
second order polynomial reaction rates for modeling oxygen flux and penetration depth, through 
the use of in-situ microelectrode profiles, incubated chambers, and laboratory studies (Iversen 
and Jørgensen 1993; Cai and Sayles 1996; Cook, Wenzhoefer et al. 2007).  
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 The Caminada Headlands beach, comprised of Fourchon Beach and Elmer’s Island, as of 
2014 still has significant amounts of buried oil (Curtis et al, 2014 In Review). Measured 
weathering ratios from buried samples on Fourchon Beach indicated a range of potential 
weathering outcomes (Pardue et al., 2014). Persistent oil signatures were associated with oil at or 
below the water table suggesting that permanently saturated beach environment did not promote 
oil biodegradation.   Grand Isle, LA, an adjacent barrier island, has intrinsically low ground 
water oxygen concentrations (<1 mg/L) (OSAT-II 2011). While anaerobic degradation of oil 
does occur (Selesi and Meckenstock 2009; Acosta-Gonzalez, Rossello-Mora et al. 2012), the 
process is significantly slower than aerobic processes. Oxygen penetration depth becomes a 
crucial parameter when considering potential weathering via aerobic biodegradation of 
contaminated buried sands.  
 While current literature is available describing benthic oxygen fluxes and penetration 
depths in marine and lacustrine sediments (Bouldin 1968; Berner 1980; Cai and Sayles 1996), 
limited information is available on the oxygen dynamics in beach oiled sands. In the presence of 
oil, consumption rates within the sands can be drastically increased, thus decreasing the oxygen 
penetration depths. The objective of this study was to characterize oxygen dynamics and 
potential degradation within heavily oiled sands on Fourchon Beach. Laboratory measurements 
of specific oxygen uptake rates (SOUR) from samples of oil sands were conducted on samples 
from the impacted beach. Down-flow and cross-flow laboratory reactors were established, and 
O2 penetration depths measured using microelectrodes. Oxygen fluxes into oiled sand layers 
were computed from the 2 flow regimes to help explain relative rates of weathering observed in 
field samples. 
 
8 
2.2 Materials and Methods 
2.2.1 Study Site 
 Oiled and clean sands, seawater and beach groundwater were sampled from Fourchon 
Beach in Lafourche Parish, LA, USA part of the ~13 mile Caminada Headlands beach system 
(Figure 2). The system is comprised of a relatively thin veneer of sand overlying a thick layer of 
clay. The beach is bound on the south by the Gulf of Mexico and on the north by the marsh and 
mangrove wetlands. Oil first came ashore at this location in late May 2010 and sand and oil were 
mixed and distributed by two tropical weather events, Hurricane Alex and Tropical Storm 
Bonnie. The primary oiled sand used in this study was collected from a former breach, Breach 2, 
on Fourchon Beach (N29.13.98 W90.13.11) on 11/17/12.  Oiled sands from this location were 
classified as >10% of pores filled with MC252 oil by the cleanup effort. Oiled sand samples 
were stored in 5 gal buckets with seawater on top and lids tightly shut until use.  
2.2.2 Oxygen Dynamic Reactor Experiments 
 Laboratory reactors were established with oiled and clean sands from the field to 
investigate oxygen dynamics in seawater and sands contaminated with MC252 oil. Two  
geometries were of interest, vertical flow of seawater through contaminated sands (“down-flow”) 
and horizontal flow of seawater across contaminated sands resting against an impermeable layer 
(“cross-flow”). These geometries were observed during sampling of intertidal buried oil during a 
study conducted in 2011 (Pardue et al., 2014). Oiled sand lenses in the upper 2 feet of the beach 
profile were observed that were repetitively washed with tidal action representative of the down-
flow geometry. Oil mats, thicker conglomerations of oil, sand, and shell, and deeper oil sand 
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  Figure 2: Map of Study Site    
 
lenses were also observed abutted against the underlying clay layer. For these deposits, seawater 
could flow across, but not through, the oiled sands. Reactors were set up in triplicate for each 
geometry: down-flow and cross-flow (Figures 3 and 4).  
 Two sets of reactors were constructed to study down-flow processes: group A and group 
B. Group A, refer to Figure 5 was a vertical glass column (ACE Glass #5862) 23 cm long, 10-8 
cm in diameter (diameter decreased with depth), equipped with a glass column head connected to 
the column with an O-ring and clamp and a solid Teflon effluent nut with a drain-hole connected 
to Teflon tubing. This reactor was packed in 3 layers: the first, clean sand 10 cm deep, followed 
by oiled sand 5 cm deep, and the third was clean sand packed 8 cm deep. Group B were 9  
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Figure 3: Down-Flow Schematic 
Figure 4: Cross-Flow Schematic 
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vertical columns made of threaded 5 cm diameter PVC and end caps. A 0.64 cm hole was drilled 
in the end cap, and Tygon tubing connected at the bottom of the cap to serve as the effluent line. 
These reactors were packed with 2 layers: 10 mm of clean sand above 10 mm of oiled sand. 
Seawater, aerated with aquarium pumps connected with air stones, was re-circulated through 
each reactor in Group A at a rate of 10 mL/min and in Group B at 3 mL/min. A 5 cm head was 
maintained on all down-flow reactors. 
 Cross-flow regime was studied in reactors packed in 1000 mL glass beakers (diameter of 
8 cm), refer to Figure 6. The effluent was a 6 mm hole drilled 6 cm above the bottom of the 
beaker; the influent was a tube placed in the beaker. Three separate configurations were set-up: 
i.) oiled sand packed to 40 mm ii.) oiled sand packed to 20 mm with clean sand packed another 
 
Figure 5: Down-Flow Reactor 
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20 mm above that, and iii.) clean sand packed to 40 mm. Aerated seawater was re-circulated 
through the reactors at a rate of 10 mL/min. A 2 cm head was maintained on all cross-flow 
reactors.  
 To establish the reactors, oiled and clean sands were first wet sieved using a No. 20 Sieve 
with 0.833 mm openings to remove shell fragments. Ambient temperature was approximately 22 
˚C. Dissolved oxygen levels in the re-circulating water were maintained above 5 mg/L.  
2.2.3 Oxygen Microprofiles and Measurements 
 Oxygen microprofiles were taken in reactors using a Microsense oxygen microprobe 
(Unisense, Aarhus, Denmark) connected to a multichannel Microsense multimeter outputting to 
a PC equipped with Sensor-Trace Pro software (Unisense). The probe was mounted to a 
microprofiler, which allowed precise measurements down to 10 m across the interfaces of 
interest. It was calibrated each time before use with a zero oxygen solution (0.1 M NaOH and 
Figure 6: Cross-Flow Reactor 
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sodium ascorbate) and a fully saturated solution generated by purging seawater with an air pump 
for at least 5 min.  
 Measurements were taken in 1 mm increments and terminated at 15-mm for each profile. 
Microprofiles were taken in down-flow Group B reactors every 2 weeks over the  
course of 2 months, and in cross-flow reactors at the end of 2 months. Group A reactors  
were limited by the depth of the bed. Profiles were not taken for these reactors. Group B were 
smaller scaled reactors designed to mimic conditions as seen in larger reactors from Group A. 
Model simulations using RT1D a simple 1D advection-dispersion model, were calibrated with 
Group B and run on Group A to obtain a theoretical oxygen profile through the entire depth of 
each reactor. Influent and effluent samples were taken every week to monitor the dissolved 
oxygen level change across the reactors. 
2.2.4 Specific Oxygen Uptake Rate (SOUR) 
 The specific oxygen uptake rate (SOUR) was measured in oiled and clean sands. 
Measurements were taken on 40 g samples in triplicate with a control (no sample, only 
seawater). Samples were placed in 300 mL BOD bottles with a magnetic stir bar and filled with 
aerated seawater (aerated with a Pulsar 4 aquarium pump until reaching > 6 mg/L). Bottles were 
capped immediately and inspected to ensure no air bubbles were trapped in the bottles. All 
bottles were placed on a magnetic stir plate so that the sample would be suspended through the 
entire experiment. An Accumet DO Probe was used to take dissolved oxygen measurements at 
15 min increments. The experiment was terminated once DO reached <2 mg/L. Dissolved 
oxygen (mg/L) was plotted with respect to time. The specific oxygen uptake rate was the slope 
of the regression line divided by 40 g sample (mg O2/g sample-day). Triplicates were averaged 
and a standard deviation was taken.  
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2.2.5 Sand Characteristics  
 Porosity was determined for both clean and oiled sands that were first wet sieved through 
a No. 20 Sieve with 0.833 mm openings. Saturated samples of known weight and volume were 
were dried for 1.5 hr at 105 ˚C. The sediment diffusion coefficient, Ds, was determined using the 
oxygen diffusion coefficient, D, in seawater and the porosity, ф, according to: 
    𝐷𝑠 = 𝐷/(1 + 3(1 − Φ))   (1) 
(Rasmussen and Jorgensen 1992). This equation was developed experimentally for methane 
diffusion in fine grained marine sediments (Iversen and Jørgensen 1993). The value used for D 
was selected as 2.35x10-5 cm2/s  at 25 ˚C (Broecker and Peng 1974).  
2.2.6 Modeling 
 Oxygen dynamics within down-flow reactors were assumed to follow advective and 
dispersive flow processes. A simple 1D advective-dispersive transport model, Reactive Transport 
Model for 1-D Systems, RT1D (Torlapati and Prabhakar Clement 2013), was used to model the 
oxygen consumption throughout the bed. RT1D v1.0 Beta was developed by Torlapati and 
Clement in conjunction with Auburn University to simulate transport problems incorporating 
both geochemical and kinetic reactions. Reaction package #1, a first order decay for a single 
mobile component, was selected to model the transport of oxygen through the sands in down-
flow reactors. A Runge-kutta Fehlberg ordinary differential equation (ODE) solver was selected 
from the model. The model was set up using the depth of the layer; the upper boundary condition 
was the oxygen concentration as measured in the influent water passing through the reactor. 
Each layer was modeled separately using the upper boundary as the final oxygen concentration 
from the layer above, and appropriate parameters for each sediment type.  
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 Consumption was modeled as a single species first order decay rate. The decay rate was 
extrapolated from the the collected SOUR data using a nonlinear regression for exponential 
decay; for clean sand (layers 1 and 3), 4x10-4 ± 3.26x10-5 min-1, and oiled sand (layer 2) 5.5x10-3 
± 1x10-4 min-1. The pore water velocity is the flow rate of water passing through the reactor 
divided by the cross sectional area and further divided by the porosity. The dispersion coefficient 
was kept constant at 0.1 cm, which was then multiplied by the pore water velocity. Element 
resolution for time and length were modified in each layer to maintain a Courant and Peclet 
number below 1 and 2, respectively.  
 Oxygen dynamics through the cross-flow reactors were assumed to follow diffusive flux 
which was modeled theoretically based on the steady state balance for depth-independent 
removal rate of oxygen and diffusion. These calculated values were validated using 
microprofiles (refer to section 2.3.3 for calculations and results).  
 
2.3 Results and Discussion 
2.3.1 SOUR Results 
 Specific oxygen uptake rate (SOUR) was measured to quantify the oxygen consumed 
during biochemical processes within the oiled sands. SOUR’s for representative oiled sands and 
oil mat samples from Fourchon Beach are presented in Table 1. The oiled sample used in the 
remaining experiments of this study was Breach 2  
oiled sands collected on 11/17/2012, which had a SOUR of 0.021  mg/g*d-1. This rate is an order 
of magnitude greater than the SOUR for clean sands used in the studies, which had a SOUR of 
0.002 mg/g*d-1.  This demonstrates that, as expected, oiled sands do indeed have greater oxygen 
demand. 
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 Table 1: SOUR’s for Representative Oiled Sands and Oil Mats from Fourchon Beach, LA 
Sample Description Sample Date  Location 
  SOUR             
(mg/g *d-1) 
Post TS-Lee oil mat 9/8/2011 N29.09.75 W90.95.76  0.780 ± 0.145 
Breach 2 oiled sand 11/17/2012  N29.13.98 W90.13.12 0.021 ± 0.001 
Post-H. Isaac oil mat 11/19/2012 N29.09.57 W90.05.27 0.385 ± 0.128 
Clean sand 5/23/2013 N29.09.57 W90.05.27 0.002 ± 0.001 
 
 SOUR values for oil mats were an order of magnitude higher than the oiled sands. Oil 
mat samples are clayey and are suspected to have much lower hydraulic conductivities than 
sands. Further research with mat samples are needed to confirm explanations regarding higher 
SOURs in oil mat samples. SOUR findings are supported by SEAM-3D models conducted .by 
OSAT and reported in Annex D of OSAT-II, which showed that regions with oil consumed 
dissolved oxygen creating an oxygen sag under bodies of oil along Grand Isle, LA.  
 SOUR values for clean sand and oiled sand (Breach 2) were used to calculate the oxygen 
consumption rate in both down-flow and cross-flow models for oxygen fluxes and penetration 
depths. The values a first order decay rate calculated after extrapolating the SOUR data for each 
sample using a nonlinear regression. These values were 4.0 x 10-4 min-1 and 5.5 x 10-3 min-1 for 
clean and oiled sand respectively.  
2.3.2  Cross-Flow O2 Microprofiles 
 Oxygen microprofiles were taken on cross-flow reactors to allow computation of fluxes 
and penetration depths through the water-sand interface of the reactors. Figure 7 presents 
microprofiles taken at 3 locations within reactors packed with clean sands (A), layered clean and 
oiled sands (B), and oiled sands (C). Single-layered clean sands consumed oxygen in a manner 
consistent with both a parabolic second order and a linear function, depending on location. 
Oxygen through layered clean and oiled sand was depleted at approximately 11 mm in 2 of the  
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 Figure 7: O2 Microprofiles from Cross-Flow Reactors in A) Clean Sands, B) Layered Oiled and Clean Sands, and C)   
 Oiled  Sands.  
 
A B C 
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replicates and 20 mm in the third replicate, indicating that oxygen never even reached the oil 
interface located at 20 mm below the surface. Consumption in oiled sands showed full depletion 
within 4 mm. These results indicate that under fully saturated cross-flow conditions as tested 
here, oxygen will not penetrate greater than 20 mm in clean sands and 4 mm in oiled sands. 
2.3.3 Cross-Flow O2 Penetration Depths and Fluxes 
 The observed diffusive oxygen fluxes, F, through the top sediments were calculated from 
the oxygen microprofiles as: 
    𝐹 = −𝜙𝐷𝑠 (
𝑑𝐶
𝑑𝑧
)    (2) 
(Rasmussen and Jorgensen 1992) where ф is the sediment porosity, Ds is the oxygen diffusivity, 
and C is the oxygen concentration at depth z. It was assumed that porosity and diffusivity of the 
soil were constant through the depth of each layer in the profile. A theoretical approach for 
calculating F was based on the steady-state balance for depth-independent removal rate of 
oxygen and diffusion: 
    
𝑑
𝑑𝑧
(Φ𝐷𝑠
𝑑[𝑂2]
𝑑𝑧
) − 𝑅 = 0   (3)  
where R, the oxygen consumption rate, is equivalent to the SOUR computed (as shown in Table 
1) and further extrapolated using nonlinear regression. By substituting relevant boundary 
conditions for the bottom water oxygen concentration at the surface of the sediment, [O2]BW, and 
the maximum oxygen penetration depth, L: 
[O2](z = 0) = [O2]BW and [O2](z = L) = 0 
(Cai and Sayles 1996) the flux across the interface then becomes (Bouldin 1968): 
    𝐹0 = √2Φ𝐷𝑠𝑟[𝑂2]𝐵𝑊   (4) 
 The oxygen penetration depth, L, was taken from each profile as the depth at which the 
oxygen concentration reached approximately 0 μmol/L. This was computed by extrapolating the 
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O2 gradient line and noting the depth at which O2 reached zero. This was used as the measured 
penetration depth.  
 The modeled penetration depth was calculated as a zero-order function from equation 3 
for F = 0. At steady state, the penetration depth can be described as (Cai and Sayles 1996): 
    𝐿 = √2𝐷𝑠𝛷[𝑂2]𝐵𝑊/𝑟    (5) 
 This calculation was used for observed linear profiles (oiled and layered sands). 
However, a linear fit did not accurately describe all the clean sand oxygen profiles; some 
followed a parabolic function. For these profiles a second order polynomial function more 
accurately described the observed penetration depth (Cai and Sayles 1996):  
    𝐿 = 2Φ𝐷𝑠
[𝑂2]𝐵𝑊
𝐹0
    (6)  
 Tables 2 and 3 show the results for calculated and observed fluxes and penetration depth. 
As can be expected, clean sands had much greater measured penetration depth (15.35 mm ± 
6.76) than heavily oiled sands (3.0 mm ± 1.00). The modeled penetration  
depth (L Obs.) was best described for clean sands as a second order polynomial, which yielded a 
penetration depth of 11.38 mm ± 1.11; conversely, the oiled sands were best modeled linearly by 
a zero order function yielding 1.14 mm ± 0.03.  
 
Table 2: O2 Penetration Depths for Cross-Flow Reactors 
Reactor 
   [O2]bw        
(μmol/L)1 
L  (mm) Calc 0̊ 2 
L  (mm) Calc. 2̊  
Polynomial3  
L  (mm) Obs.4 
40 mm Sand 237.71 ± 6.42 12.34 ± 0.17 11.38 ± 1.11 15.35 ± 6.76 
40 mm Oiled Sand 226.27 ± 11.02 3.68 ± 0.09 32.18 ± 47.09 3.0 ± 1.00 
40 mm Layered Sands 228.64 ± 6.40 12.11 ± 0.17 36.59 ± 16.91 10.69 ± 2.45 
  1Overlying oxygen concentration in reactors (M), 2Calculated O2 penentration depth using eq. 5, 3Calculated O2         
penentration depth using eq. 6, 4Measured penetration depth using O2 microelectrode 
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Table 3: O2 Fluxes for Cross-Flow Reactors 
Reactor 
  [O2]bw       
(μmol/L)1 
     F (μmol/cm2s)          
Calc.  0̊ 2 
 F (μmol/cm2s)         
Obs.3 
40 mm Sand 237.71 ± 6.42 1.44x10-6 ± 10-7.7 1.02x10-6 ± 10-6.18 
40 mm Oiled Sand 226.27 ± 11.02 4.43x10-6 ± 10-6.96 1.88x10-6 ± 10-5.72 
40 mm Layered Sands 228.64 ± 6.40 1.41x10-6 ± 10-7.70 5.43x10-7 ± 10-6.63 
 1Overlying oxygen concentration in reactors (M), 2Calculated O2 flux using eq. 4, 3Measured O2 flux computed 
from O2 microelectrode profile 
 
 These results support findings from microelectrode profiles for cross-flow reactors which 
demonstrated that under fully saturated conditions, oxygen did not penetrate greater than 20 mm 
in clean sands and 4 mm in oiled sands. Calculated penetration depths for reactors with clean 
sands, and layered reactors were not significantly different; however, observed penetration 
depths were. It is hypothesized that upward fluxes of reduced compounds, such as hydrogen 
sulfide, from the lower oiled layer may consume additional oxygen, leading to shorter 
penetration depths (Di Toro 2001). 
2.3.4  Down-Flow O2 Microprofiles 
 Time series microelectrode profiles were taken on down-flow reactors in Group B to 
depict the oxygen characteristics over time. In Figure 8 initial profiles at week 1 show linear 
oxygen consumption through the sand layer. Upon reaching 50 μM (1.6 mg/L) the oxygen 
remained constant throughout the oiled layer. Week 3 remained fairly constant through the depth 
of the sand layer at approximately 200 μM but began depleting rapidly at the oil interface. Weeks 
6 and 8 show high oxygen concentrations reaching below 12 mm with little oxygen consumption 
even within oiled layer. Microprofiles in Figure 8 show variability of the oil layer location. 
Though the reactors were packed so that each layer was 10 mm deep, it is evident that this  
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       Figure 8: Microprofiles for; Layered Down Flow Reactor Group B 
 
interface is not a straight line across as depicted in the figure. The interface shown should be 
used simply as an approximate reference. 
  Effluent oxygen concentrations in the water which had passed through reactors were 
consistently higher, ranging from 5.5 to 6.3 mg/L, than concentrations as shown for weeks 6 and 
8 in microprofiles (150-165 μM or 4.81-5.27 mg/L). This can be attributed to short-circuiting 
where water passes through macropores that do not contain oil whereas the microelectrode 
encounters oil-filled pores as it passes through the bed where O2 depletion is.  
 Down-flow reactors had significantly higher concentrations of oxygen at lower depths 
when compared to cross-flow reactors. Results indicate that after 6 weeks, oxygen transport 
through the depth of the reactor remained consistent in down-flow reactors with oxygen 
concentrations not reaching less than 150 μM (4.8 mg/L) at depths of 15 mm. In contrast, cross-
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flow reactors reached 150 μM at approximately 5 mm. These results seem somewhat intuitive in 
that advective transport of oxygenated water has a much higher capacity than diffusion of 
oxygen into the sediment. 
2.3.5 Down-Flow O2 Penetration Depths and Fluxes 
 RT1D, a 1-D advective, dispersive transport model, was used to describe oxygen 
dynamics within down-flow reactors. The model was calibrated using reactors in Group B and 
used to predict oxygen throughout the larger reactor, Group A. Table 4 presents parameter inputs 
and results for both the calibration using Group B and the desired output, effluent oxygen 
concentration, from Group A. Modeled effluent concentrations in Group B were not significantly 
(P < 0.005) different than measured values. When the calibrated model is applied to the larger 
Group A reactor (23 cm deep with 3 layers), maximum consumption occurred within the oiled 
sand (layer 2), while very little consumption occurred in the clean sands (layers 1 and 3) at these 
flow rates.  
 
   Table 4: RT1D Parameters, Measured Values, and Modeled Results for Down-
Flow Reactors 
  Group B   Group A 
Parameter Layers 1 and 2   Layer 1 Layer 2 Layer 3 
Layer Length (cm) 1.00 
 
10.00 5.00 8 
Delta x (cm) 0.10 
 
0.10 0.10 0.10 
Delta t (min) 0.25 
 
0.10 0.10 0.05 
v (cm/min) 0.35 
 
0.53 0.74 1.52 
Disp. Coef. (cm2/min) 0.04 
 
0.05 0.07 0.15 
Measured Influent O2 (mg/L) 6.89 ± 0.26 
 
6.21 ± 0.73 N/A N/A 
Measured Effluent O2  (mg/L) 5.54 ± 0.98 
 
N/A N/A 5.87 ± 1.0 
Modeled Effluent O2  (mg/L) 6.58   6.16 5.94 5.93 
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 These results indicate that when advective-dispersive transport processes are possible 
through the oiled sands, there is ample concentration of oxygen throughout the depth of the 
reactors to foster aerobic processes. Penetration depths on the order of cm to meters are possible 
before O2 is consumed.  This is in sharp contrast with oxygen dynamics in cross-flow 
geometries, where penetration depths are only a few mm. 
  Fluxes of oxygen are also dramatically different between the 2 regimes. O2 fluxes can be 
computed by the multiplying flowrate of the seawater applied and the oxygen concentration 
divided bv the area of the cross-section of the reactor. These fluxes range from 10-3 to 10-4 
mol/cm2-sec and are 3 orders of magnitude higher than those for the cross-flow regime (10-6 to 
10-7 mol/cm2-sec).  
2.3.6  Implications for Aerobic Biodegradation of Crude Oil Components in Beach sands 
 Reactor studies for cross-flow and down-flow sceanarios have clearly implied that 
advective-dispersive processes can transport ample oxygen to oiled layers within the beach 
profile, inducing favorable conditions for bacterial consumption of oil compounds. For 
illustrative purposes, the weathering potential for 1 cm3 of oiled sand was calculated. Complete 
mineralization of phenanthrene follows the stoichiometric reaction: 
   C14H10 +16.5O2 = 14CO2 + 5H2O
 
 where 1 mol of phenanthrene (C14H10) is oxidized by 16.5 mols of O2. Using a density for oiled 
sands (>10% pore space filled with MC252 oil) on Fourchon beach of 1.4 g/cm3 (Urbano, 
Elango et al. 2013), approximately 13,000 μmol O2 are required to mineralize 1 cm3 of MC252 
oil with characteristics as found on Fourchon beach. Appling this ratio to the calculated fluxes 
for down-flow and cross flow reactors yields the time for complete mineralization of 
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phenanthrene per cubic centimeter. Advective-dispersive transport of oxygen could result in 
mineralization in approximately 7 months; diffusive transport in approximately 758 years.  
 
2.4 Conclusions 
 On Fourchon Beach, oiled sands have been buried up to 40 inches by frontal systems, 
causing large wave action resulting in breaches (McBride, Penland et al. 1992; Georgiou, 
FitzGerald et al. 2005; OSAT-II 2011). Oxygen consumption rates in oiled sands can be high 
decreasing the oxygen penetration depth. Results indicate that in situations where water is not 
allowed to pass through the oil lens, deemed “cross-flow” (when either the hydraulic 
conductivity of the oiled layer is too low to allow significant passage through, or an impermeable 
clay layer lies beneath the oil lens) diffusive transport of oxygen dominates, limiting O2 
penetrations depths on the order of millimeters. Microprofiles demonstrated that under fully 
saturated conditions, oxygen will not penetrate greater than 4 mm in oiled sands. Conversely, in 
situations where water passes through the oil lens, deemed “down-flow” (as occurs in sands with 
high hydraulic conductivities and in areas with turbulent water flow (Cook, Wenzhoefer et al. 
2007)) advective transport of oxygen dominates, allowing for greater O2 penetration depths and 
fluxes. Modeling results indicate >23 cm penetration depths in down-flow reators and fluxes 3 
orders of magnitude greater than cross-flow reactors.  
 Large penetration depths in down-flow reactors (modeled as advective-dispersive 
transport of oxygen), in conjunction with high effluent oxygen concentrations indicate that 
microbial respiration will not be kinetically limited. Application of fluxes to biodegradation of  
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phenanthrene demonstrate that advective-dispersive transport could supply enough oxygen to 
result in mineralization of 1 cm3 of oil on the order moths; diffusive transport in hundreds of 
years.  
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CHAPTER 3. FACTORS AFFECTING BIODEGRADATION OF BURIED MC252 
CRUDE OIL IN BEACH SANDS 
 
3.1 Introduction 
 The Deepwater Horizon oil spill reached Louisiana’s coastal headland and barrier island 
shorelines by May 2010. Emulsified oil mixed with sand and shell and was distributed 
throughout the beach profile by coastal processes driven by tropical weather, strong cold frontal 
passage and tidal action. The profile on these beaches consists of 2-8 feet of sand overlaying a 
confining clay deposit.  Oil burial can severely retard biodegradation and other weathering 
processes due to limited supply of oxygen and nutrients. Despite vigorous cleanup efforts, buried 
oil can still be found four years after the spill, and in some cases, is still being removed (OSAT-
II 2011, Curtis et al., 2014, In Review).  
 Several environmental parameters can control the biodegradation rate of buried 
hydrocarbons, such as redox conditions (Rowland, Lindley et al. 2000), nutrient availability 
(Pontes, Mucha et al. 2013), and beach morphodynamics (Wang and Roberts 2013). It is well 
documented that bioavailable nitrogen and phosphorus can stimulate microbial growth and thus 
increase the rate and extent of hydrocarbons biodegraded (Shin, Pardue et al. 2001; Rodriguez-
Blanco, Antoine et al. 2010; Atlas and Hazen 2011; Mercer and Trevors 2011). The availability 
of oxygen is another key parameter that can contribute to persistence once oil is buried 
(Boufadel, Sharifi et al. 2010; Li and Boufadel 2010). In a previous study using samples 
collected from Fourchon Beach, oxygen flux to oiled sands were found to be 3 orders of 
magnitude higher when oxygenated seawater flowed through the oiled sand lens when compared 
to transport of oxygenated seawater across the oiled lens (Westrick et al., 2014, In Review). 
These flux measurements contrast differences in O2 delivery via advective/dispersive transport 
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mechanisms with those supplied by diffusion. These two scenarios, downflow and cross-flow are 
crucial factors for transport of nutrients and oxygen through the sediments. Such cases have been 
documented as a result of the Exxon Valdez spill.  
 Buried MC252 oil in the intertidal region on Fourchon Beach showed a range of 
weathering states for PAHs, depending on the position in the beach profile and the position in the 
intertidal relative to the Gulf, itself (Pardue et al., 2014). This suggests that biogeochemical 
conditions in the subsurface vary over relatively short distances in ways that contribute to oil 
persistence. The factors affecting the weathering of buried oil has been of interest in large spills 
(i.e., Prestige, Exxon Valdez) (Bernabeu, de la Fuente et al. 2006; Boehm, Page et al. 2008; 
Gonzalez, Medina et al. 2009; Boufadel, Sharifi et al. 2010). In Prince William Sound remaining 
oil residue from the Exxon Valdez spill was buried in beaches as thin (typically 10 cm thick) 
lenses containing fine grained sediments. Low water flow did not allow oxygen and nutrients in 
the surrounding pore waters to flow through the oil layer, limiting biodegradation, even though 
there were sufficient concentrations of nutrients and oxygen in the adjacent pore water to support 
biodegradation (Atlas and Hazen 2011).  
 It was the intent of this research to quantify the biodegradation potential for MC252 oiled 
sands (>10% pore space occupied by oil) in down-flow and cross-flow reactor geometries. The 
study builds from 2 specific findings from previous work:  the differences in apparent oxygen 
flux between MC252 oil deposits that are permeable to tidal flushing and those that are not 
(Westrick et al., 2014) and the wide range of PAH weathering observed in buried oil over a 
relatively shallow beach profile (Pardue et al., 2014). Laboratory reactor studies were conducted 
to explore varying oxygen and nutrient concentrations to determine the effect of flow regimes on 
oiled sands on coastal beaches. Nutrient (N and P) and electron acceptor (O2 and SO4
2-) fates 
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were tracked in the reactors. The overall goal of the study is to determine the factors controlling 
the rates of weathering of buried MC252 oil in beach sands. 
 
3.2 Materials and Methods 
3.2.1 Field Sampling for Oiled Sands 
 Oiled sand was collected from Fourchon Beach near Port Fourchon, LA, USA part of the 
Caminada Headlands beach system. Oiled sand samples were removed during an oil recovery 
operation on 11/17/12 at coordinates N29.13.98, W90.13.11, approximately 18 months after 
MC252 crude first reached the shoreline. The oil deposit was located in the intertidal zone of a 
former breach (Breach #2) on Fourchon Beach. These breaches developed during tropical 
weather in the summer of 2010 and were closed with hard structures to prevent oil from reaching 
the adjacent marsh. These samples were classified as oiled sands with >10% of pores filled with 
MC252 oil. Samples were stored in 5 gal buckets with sea water on top with lids tightly shut. 
Clean sands were sampled from areas near N29.09.809, W90.13.842 after visually inspecting to 
insure that no residual oil was present. These samples were tested in the laboratory using GC-MS 
to confirm no oil was present before using. Seawater was collected from the surf zone of 
Fourchon Beach biweekly during the study.  
3.2.2 Reactor Construction and Maintenance 
 Flow-through reactors were used to examine MC252 crude oil and nutrient 
transformations under different tidal and flow conditions. Three reactors were used for each 
experimental run. Down-flow reactors were constructed of 4-inch diameter glass 
chromotagraphy columns from Ace Glass Inc (column 5862). Each reactor was comprised of a 
column body and column head clamped together and sealed with an O-ring (refer to Figure 5). 
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Each reactor was layered with clean and oiled sands from Fourchon Beach: the first layer was 10 
cm of clean sand, the second 5 cm of oiled sand, and the third 8 cm of clean sand. Each layer 
layer was separated by geofabric to prevent particle mixing. Below the third layer was 5 cm of 
glass wool as a drainage layer. A Teflon plug fitted at the bottom of the column secured the 
contents of the reactors. Each plug was fitted with a single effluent line (rigid 6.35 mm PTFE 
tubing), which drained applied seawater to a 25 L carboy. Seawater was re-circulated from the 
carboy through the influent line (rigid 6.35 mm tubing) to the top of the reactor through a 
peristaltic pump (Cole Parmer Masterflex model 7528-10 with pump head model 7518-60) set at 
10 mL/min equipped with 3.1 mm Masterflex Tygon tubing.  
 Cross-flow reactors were constructed from glass 1000 mL beakers (diameter of 8 cm) 
placed inside a 10 gal aquarium. The effluent was a 1/8 inch hole drilled at 6 cm above the 
bottom of the beaker. The influent line was rigid 6.35 mm PTFE tubing placed in the beaker at 5 
cm above the bottom of the beaker (refer to Figure 6). Seawater was re-circulated from the 
aquarium to the beaker through the influent line using a peristaltic pump (Cole Parmer 
Masterflex model 7528-10 with pump head model 7518-60) set at 10 mL/min equipped with 3.1 
mm Masterflex Tygon tubing. Oiled sand was packed 2 cm deep followed by clean sand, packed 
2 cm above (corresponding volume of 100 cm3 each), bringing the total depth to 4 cm. A 
constant 2 cm head was maintained above the layered sands.  
 Two sets of down-flow experiments and 1 cross-flow experiment, each with three 
treatments, were performed for the study. The first, Experiment 1, examined the effects of tidal 
flow in down-flow reactors over the course of 18 weeks, by inducing a 12 hr tidal sequence on 
Reactors 1 and 2. In addition to the tidal cycle, Reactor 1 was amended with N and P, as 
described below. The water level in Reactor 3 was kept constant with a 5 cm head over the top of 
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the upper sand layer and no extra nutrients were added. To achieve a tidal cycle, persistaltic 
pumps for Reactors 1 and 2 were plugged into a Brink mechanical timer that switched the power 
supply to the pump at 12 hr intervals, inducing a 12 hr tidal sequence.  
 The second experiment, Experiment 2, examined effects of oxygen and nutrient 
concentrations in down-flow reactors, over the course of 17 weeks, using three additional 
treatments. In Reactor 1, dissolved oxygen levels in the re-circulating water were maintained 
above 7 mg/L using a Pulsar 4 aquarium aeration pump. In reactors 2 and 3, reaeration was 
inhibited by sealing the top of the reactor and the carboy which served as the reservoir for the 
recirculating water using rubber stoppers. Additionally, Reactors 1 and 2 were fertilized as 
described below. All 3 reactors were maintained with a 5 cm head of seawater above the top 
layer of clean sand.  
 The third experiment, Experiment 3, examined effects of nutrient concentrations in cross-
flow reactors over the course of 14 weeks. Reactor 1 was amended with N and P as described 
below. Additionally, dissolved oxygen levels in the recirculating waters were maintained above 7 
mg/L in Reactors 1 and 2 using a Pulsar 4 aquarium aeration pump. All reactors were maintained 
with a 2 cm head of water above the top layer of clean sand.  
 All fertilized reactors were maintained at 10 times the concentration of nutrients found in 
typical seawater concentrations at Fourchon Beach; 6 mg NO3
-/NO2
-–N/L, 2.7 mg NH3 –N/L, 
and 0.6 mg PO4-P/L. All unfertilized reactors were maintained at baseline concentrations, 0.6 mg 
NO3/NO2 –N/L, 0.27 mg NH3 –N/L, and 0.06 mg PO4-P/L. Nutrients were added from stock 
solutions of NaNO3-N, NH4Cl-N, and KH2PO4-P. Samples were taken from each reactor and 
analyzed once per week; stock solutions were added accordingly. Ambient temperature was 
approximately 22 ˚C.  
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3.2.3 Field Dissolved Oxygen and Salinity Measurements 
 Dissolved oxygen measurements were taken from a transect normal to the beach starting 
at the mudflats to the north (N29.16.3765, W90.097.207) and progressing south to the supratidal 
(N29.13.98 W90.13122), beach crest (N29.13.98 W90.13122) and subtidal (N29.13.98 
W90.13122). An AMS Retract-A-Tip gas vapor sampling probe (Charette and Allen 2006) was 
used to take groundwater samples, refer to Figure 9. The tip was connected to rigid tubing, which 
ran inside the protective outer rod. The tip was hammered into place near the surface of the 
beach groundwater profile and a peristaltic pump was used to extract groundwater. At each 
location, groundwater was purged for approximately 5 min, then 3-300 mL BOD bottles were 
collected, capped immediately, then tested for dissolved oxygen using the Winkler method. 
Additional samples were stored in EPA-certified glass I-Chem jars and transported back to the 
lab for salinity measurements. Salinity was tested using a YSI 85 salinity meter at approximately 
22 ˚C. 
3.2.4 Nutrient and Sulfate Analysis 
 Samples from each reactor were measured in triplicate weekly for nutrient consumption. 
A SmartChem 170 Discrete Analyzer (Unity Scientific Inc.) was used to measure 1 mL samples 
for NO3
-/NO2
-, NH3 , PO4
3- and SO4
2- as per EPA methods 353.2, 350.1, 365.1, and 375.4. 
Samples were collected in 30 mL glass vials from the bottom spigot in each carboy. 
3.2.5 Dissolved Oxygen and Alkalinity Analysis 
 Dissolved oxygen was measured in each reactor bi-weekly using several calibrated 
methods. Generally, a Unisense oxygen microsensor and Microsensor Multimeter amplifier were 
used to measure influent and effluent samples for dissolved oxygen. In early experiments, 
oxygen was measured using the Winkler method or a calibrated Accumet XL-40 meter equipped 
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      Figure 9: AMS Retract-A-Tip Probe for Pore Water Sampling 
 
with a DO probe. Alkalinity was measured in triplicate bi-weekly for each reactor using acid 
titration (Hach). Initially, alkalinity was measured in 10 mL samples to conserve water within the 
system, but due to high variability between measurements, the sample volume was increased to 
100 mL. Alkalinity values were further converted to CO2(aq) using molar ratios.  
3.2.6 PAH Extraction and Analysis 
 Initial and final sand samples from each reactor were extracted and analyzed for PAHs. 
Initial samples were taken directly from the oiled and clean sands in 10 g triplicates. Final 
samples were removed from the reactors upon completion of each experiment. All samples were 
stored in sealed 30 mL glass vials at 3˚C until they were extracted. The samples were extracted 
using a Thermo Scientific Dionex accelerated solvent extractor (ASE) 350. Samples were mixed 
with sodium sulfate and magnesium sulfate to remove moisture and packed into stainless steel 
cells (Dionex). This method was later modified, by using diatomaceous earth instead of 
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magnesium and sodium sulfate for mechanical reasons within the ASE. The resulting eluate was 
then concentrated down to 5-10 mL under a gentle stream of nitrogen gas using a RapidVac N2 
Evaporation System (Labconco). One mL samples of the concentrated eluate and 5 μL 
deuterated internal standard (naphthalene, acenaphtheylene, phenanthrene, and chrysene)  were 
combined for analysis by gas chromatograph- mass selective detection (GC-MS) for targeted 
PAHs. A Hewlett Packard 6800N gas chromatograph equipped with a HP 6890 series 
autosampler, DB-5 capillary column (30 m x 0.25 mm x 0.25 μm film) and HP 5973 mass 
selective detector was used for analysis of 1 μL of each sample. The injector temperature was set 
to 300°C, the detector at 280°C, and oven temperature 45°C for 3 min then increased at 6°C/min 
to 315°C and held for 15 min. Helium was used as the carrier gas at 5.7 mL/min. Selected ion 
monitoring mode was used for quantification based on internal standards. For quality control 
purposes, blanks (1 mL hexane/acetone at 50:50 with 5 μL internal standard) were placed before 
and after each run and at 20 sample intervals if applicable. Continuing calibration standards of 
known concentrations of PAHs were incorporated in each run as well. 
 Targeted PAHs include: naphthalene (C0N), C1-naphthalenes (C1N),C2- naphthalenes 
(C2N), C3-naphthalenes (C3N), C4-naphthalenes (C4N), acenaphthylene (ACL), acenaphthene 
(ACE), fluorene (C0F), C1-fluorenes (C1F), C2-fluorenes (C2F), C3-fluorenes (C3F) 
phenanthrene (C0P), C1-phenanthrenes (C1P), C2-phenanthrenes (C2P), C3-phenanthrenes (C3P), 
C4-phenanthrenes (C4P), dibenzothiophene (C0D), C1- dibenzothiophenes (C1D), C2- 
dibenzothiophenes (C2D), C3- dibenzothiophenes (C3D), fluoranthene (FAN), pyrene (PY), C1-
pyrene/fluoranthene (C1-PY/FA), chrysene (C0C), C1-chrysenes (C1C), C2-chrysenes (C2C), and 
C3-chrysenes (C3C). C30-Hopane was also quantified.  
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 Soluble PAHs were measured once per month in each reactor. One L samples were 
collected from the bottom spigot on each carboy. Soluble PAHs were extracted from 3, 300 mL 
samples from each collected liter using 3M 47 mm C18 Empore Extraction disks according to 
the recommended procedures. Before extraction, the samples were first filtered using Whatman 
paper filters grade 4 70 mm diameter to remove excess suspended particles. The glass extraction 
apparatus (Fisher) and Empore disk was first washed with methylene chloride. The disk was 
conditioned using 5 mL of methanol and 10-20 mL reagent water. After conditioning, the sample 
was pulled through the disk under a vacuum. The disk was then eluted using 20-30 mL 
methylene chloride as solvent. The eluate was dried using anhydrous sodium sulfate and stored 
in sealed 30 mL glass vials at 3°C until subsequent analysis by GC-MS. 
3.2.7 Weathering Ratios 
 Weathering ratios were used in order to normalize concentrations to compare oil samples 
as a percentage between experiments. In particular, 2 sets of ratios are presented in this paper: 
phenanthrene, and dibenzothiophene ratios. The phenanthrene and dibenzothiophene ratios were 
taken from each alkyl homolog group and normalized to C30 hopane (a stable biomarker). For 
example the C1P ratio would be calculated as C1P/(C1P+hopane) and the C1D ratio as 
C1D/(C1D+hopane). 
 
3.3 Results and Discussion 
3.3.1 Fate of PAHs in Down-Flow Reactors 
 The first experiment varied biogeochemical conditions by imposing a tidal sequence and 
varying nutrient levels in 3 down-flow reactors over the course of 18 weeks. Initial and final 
PAH weathering ratios from this experiment are presented in Figure 10. Phenanthrene 
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weathering ratios indicated increased weathering when the reactors were operated under tidal 
conditions (Tidal N and Tidal Air) when compared with a constant head held over the reactor 
(Constant). There were significant differences (t-Test for P < 0.005) in initial to final 
concentrations of C1-C4 phenanthrenes (C1P-C4P) and C2 dibenzothiophenes (C2D) in both tidal 
treatments. The Constant treatment did not show significant loss of any of the compounds. C3D 
appears to be the most stable of the phenanthrene and dibenzothiophene compounds. There was 
not a significant difference from the initial concentrations of C1D and C3D in any of the 
treatments. There was a significant difference in C4P and in C2D between tidal treatments not 
amended with N and P and the reactor that was amended. There were also significant differences 
in C2-C4P, and C2D between Tidal, N and Constant treatments.  
 
 
Figure 10: PAH Weathering Ratio Changes during Experiment 1 (18 weeks, down-
flow) for 3 Treatments (A) Phenanthrenes/hopane B) Dibenzothiophenes/hopane  
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 The second experiment varied dissolved oxygen and nutrient concentrations in the 
recirculating water while keeping the flow and head constant above all treatments over the 
course of 17 weeks. PAH weathering ratios for these treatments are presented in Figure 11. 
Experiment 2 showed a significant difference from initial to final concentrations of all 
phenanthrene and dibenzothiophene compounds in the treatment where seawater was aerated and 
amended with nutrients (Air, N). There was no significant weathering of any of the 
phenanthrenes in treatments with low DO (Low DO N and Low DO). For all phenanthrenes and 
dibenzothiophenes there was a significant difference in weathering between treatments with low 
DO and the Air, N treatment (aerated and amended with nutrients). Significant weathering was 
observed for dibenzothiophenes (C1D and C2D) in treatments with low DO only when amended 
with nutrients.  
  The third experiment varied nutrient and oxygenation concentrations, keeping flow and 
head constant in all treatments in 3 cross-flow reactors over the course of 14 weeks. Weathering 
ratios for these reactors are presented in Figure 12. No significant degradation of phenanthrenes 
were observed in any treatment. Significant differences from initial concentrations to final 
concentrations for C1D were observed in all three treatments. The lack of difference between Air, 
Air, N and Constant treatments suggest that in cross-flow regimes, oxygen and nutrients were not 
penetrating the depth of the reactor, thus leading to O2 and N deficient zones within the bed and 
limiting microbial degradation. This inference was validated in Chapter 2 by oxygen 
microprofiles (Figure 7), which showed that in cross-flow reactors, oxygen did not penetrate 
greater than 1 mm into the oil in layered reactors. 
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Figure 11: PAH Weathering Ratio Changes during Experiment 2 (17 weeks, down-
flow) for 3 Treatments (A) Phenanthrenes/hopane B) Dibenzothiophenes/hopane  
 
 
 
Figure 12: PAH Weathering Ratio Changes during Experiment 3 (14 weeks, cross-
flow) for 3 Treatments (A) Phenanthrenes/hopane B) Dibenzothiophenes/hopane  
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 Soluble PAHs were measured in down-flow reactors, to ensure that decreases in PAHs 
within the sands were a result of biodegradation and not leaching. Values were essentially non-
detectable ranging from 0.03-0.00 μg/mL for all treatments, indicating that decreases were 
indeed a product of degradation within the reactor and not leaching. Values are presented in 
Appendix A. 
3.3.2 Nutrient, CO2 TEA Changes over Time 
 Dissolved nutrients, oxgyen, and sulfate were measured in the recirculating waters of 
each reactor in Experiments 1, 2 and 3, as indicators of the bioheochemical conditions in the 
reactors. Table 5 presents average consumption rates (mg/week) for NO2/NO3, NH3, and PO4. 
Treatments amended with N and P had higher total consumptions rates, ranging from 4-19 mg 
N/wk than those not amended, ranging from 0.3-3.0 mg N/wk) , with the exception of the aerated 
fertilized treatment (Air, N) in Experiment 3. This reactor showed a net positive increase in 
nitrite/nitrate indicating that nitrification processes had occurred in the reactor. This process 
converts 1 mol NH3 to 1 mol NO3
- in the presence of 2 mols of O2. There was sufficient 
consumption of NH3, -4.25 mg to produce 2.89 mg NO3
-. Additional nitrification was observed 
in Experiment 1, however production was variable and net values indicated that more N was 
consumed than produced. Appendix B presents weekly averages for NO2/NO3 for Experiment 1. 
Phosphate consumption was significantly higher in Experiment 1: tidal, N ammended, due to a 
much higher spike concentration at the onset of the experiment.  
 Terminal electron acceptors (TEA), specifically oxygen and sulfate, were quantified and 
are presented in Table 6. With the exception of the low DO treatments in Experiment 2 that had 
effluent concentrations ranging from 1.0 - 1.1 mg/L, there was ample O2 present to support 
aerobic biodegradation of PAHs. While oxygen concentrations reached low levels in both low  
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Table 5: Experiments 1-3 Nutrient Consumption/Production (negative 
numbers represent consumption and positive numbers represent production) 
Experiment/ 
Treatment 
   NO2+NO3          
(mg-N/wk) 
NH3                          
(mg-N/wk) 
PO4                         
(mg-P/wk) 
1) Tidal, N (-0.44) ± 0.13 (-3.72) ± 0.06 (-12.32) ± 0.30 
1) Tidal, Air (-1.86) ± 0.01 (-0.165) ± 0.01 (-0.21) ± 0.03 
1) Constant (-0.86) ± 0.01 (-0.38) ± 0.00 (-1.24) ± 0.19 
2) Air, N (-0.64) ± 0.63 (-18.94) ± 0.07 (-1.51) ± 0.10 
2) N, Low DO (-9.71) ± 0.06 (-9.11) ± 0.04 (-1.57) ± 0.03 
2) Low DO (-0.95) ± 0.04 (-2.15) ± 0.13 (-0.42) ± 0.08 
3) Air, N 2.89 ± 0.46 (-4.25) ± 0.41 (-0.66) ± 0.10 
3) Air (-0.07) ± 0.00 (-0.33) ± 0.21 (-0.08) ± 0.01 
3) Constant (-0.08) ± 0.01 (-0.25) ± 0.1 (-0.07) ± 0.01 
 
         Table 6: Experiments 1-3 TEA Initial and Final Concentrations 
 
SO4 (mg/L) DO (mg/L) 
Experiment/ 
Treatment 
Initial Final Initial Final 
1) Tidal, N 2048 ± 95 2544 ± 156 6.94 ± 0.83 7.63 ± 0.07 
1) Tidal, Air 2037 ± 46 3245 ± 137 7.75 ± 0.01 8.28 ± 0.30 
1) Constant 1907 ± 530 2809 ± 23 6.78 ± 0.02 6.36 ± 0.05 
2) Air, N 2246 ± 136 3090 ± 671 6.01 ± 0.02 6.14 ± 0.07 
2) N, Low DO 2263 ± 46 4195 ± 376 4.56 ± 0.06 0.99 ± 0.15 
2) Low DO 2255 ± 112 3373 ± 279 7.51 ± 0.01 1.09 ± 0.09 
3) Air, N 3541 ± 28 3743 ± 321 6.13 ± 0.32 6.41 ± 0.21 
3) Air 3348 ± 144 3677 ± 392 7.69 ± 1.60 6.16 ± 0.04 
3) Constant 2187 ± 246 3371 ± 75 6.39 ± 0.10 5.93 ± 0.07 
 
DO treatments, sulfate reduction did not occur. It is suspected that the system did not become 
fully anaerobic rapidly enough to see sulfate reduction occur in these reactors. Increases in 
sulfate are suspected to be from oxidation of pyrite within the sands. Further research is needed 
to confirm other possible explanations. 
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 Carbon dioxide and pH changes were measured in the water as an indicators of microbial 
respiration, and are presented in Table 7. While pH did not fluctuate greatly a general trend is 
apparent in Experiment 2: all treatments have lower final pHs and likewise, higher final CO2(aq) 
concentrations. In Experiments 1 CO2(aq) decreased by nearly half the initial value. 
 These results validate weathering patterns previously observed in reactors. Reactors with 
high observed degradation of phenantrhenes and dibenzothiophenes (Experiment 1, Tidal N and 
Tidal Air, and Experiment 2, Air N) also had high nutrient consumption rates and sufficient 
amounts of oxygen (>5 mg/L) (Shin and Pardue 2001) to support aerobic biodegradation. 
Furthermore, the sustained sulfate concentrations in treatments with low DO and in cross-flow 
reactors (<1 mm penetration O2) coincide with the lack of significant decreases in PAHs in these 
reactors, confirming that anaerobic biodegradation by sulfate reduction did not occur. 
 
         Table 7: Experiments 1-3 CO2 and pH Changes Across Treatments 
 
CO2(aq) (mg/L) pH 
Experiment/ 
Treatment 
Initial Final Initial Final 
1) Tidal, N 25 ± 0 11 ± 2 MD MD 
1) Tidal, Air 20 ± 0 10 ± 2 MD MD 
1) Constant 23 ± 4 15 ± 4 MD MD 
2) Air, N 5.4 ± 0.4 13.1 ± 3.0 7.80 ± 0.03 7.40 ± 0.05 
2) N, Low DO 5.9 ± 0.4 22.6 ± 1.7 7.78 ± 0.02 7.36 ± 0.02 
2) Low DO 8.1 ± 2.1 15.4 ± 0.2 7.67 ± 0.13 7.54 ± 0.03 
3) Air, N 6.5 ± 1.6 6.5 ± 0.3 7.84 ± 0.06 7.86 ± 0.02 
3) Air 5.7 ± 1.0 4.5 ± 0.1 7.92 ± 0.00 8.02 ± 0.01 
3) Constant 10.9 ± 6.6 4.3 ± 0.0 7.69 ± 0.25 8.05 ± 0.02 
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3.3.3 Field DO and Salinity Results 
 Field studies were conducted on a transect normal to the beach in order to investigate in-
situ DO and salinity concentrations, as can be seen in Table 8. The Retract-A-Tip gas vapor 
sampling probe was hammered into the ground at depths ranging from 6 inches to 3 feet relative 
to the ground surface. Elevation at these locations was not taken; however, it was assumed that 
depths were relative to each other based on their proximity and the flat terrain in this area. 
Results for DO and salinity data show that even at shallow depths of <3 ft pore water oxygen 
concentrations are severely depleted, ranging from 0-0.3 mg/L. These results imply that oxygen 
is not penetrating at great depths leaving insufficient concentrations of oxygen for aerobic 
processes to occur.  
 
      Table 8: Field DO and Salinity Data 
Location Description Depth DO (mg/L) Salinity (ppt) 
N29.16.3765 W90.09.7207 Mudflat 1 ft 0.1 ± 0.1 21.0 ± 0.4 
N29.13.98 W90.13122 Supratidal 2 ft 0.0 ± 0.0 37.0 ± 1.8 
N29.13.98 W90.13122 Beach Crest 2 ft 0.2 ± 0.2 28.0 ± 0.5 
N29.13.98 W90.13122 Beach Crest 3 ft 0.3 ± 0.4 23.5 ± 3.6 
N29.13.98 W90.13122 Sea Front 6 in 0.2 ± 0.1 26.7 ± 1.9 
      
3.4 Conclusions 
 Field DO and salinity data show that pore water oxygen concentrations were severely 
depleted, ranging from 0-0.3 mg/L, implying that oxygen was not penetrating, leaving 
insufficient concentrations of oxygen for aerobic processes to occur at even shallow depths (0.5-
3 ft). In cross-flow reactors, there was no significant (P < 0.005) differences between initial and 
final (14 weeks) weathering ratios for C1-C4 phenanthrenes and C1-C3 dibenzothiophenes, 
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indicating that degradation did not occur in these reactors, even when aerated and amended with 
nutrients. Weathering ratios indicated that under conditions tested,  flow through reactors which 
were maintained at DO > 5 mg/L (Shin and Pardue 2001), > 6 mg-N/L, and > 0.6 mg-P/L had 
the greatest degradation of PAHs. It can be concluded that aerobic degradation of MC252 oil 
deposits on Fourchon Beach will be limited due to field conditions.  
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CHAPTER 4. SUMMARY AND OUTLOOK 
 
4.1 Experimental Findings and Implications 
 Oiled sands collected from Fourchon Beach, LA, were studied using a series of down-
flow and cross-flow reactors. Changes in PAHs, pH, CO2, nutrients, SO4,, and DO over time 
were quantified. Oxygen dynamics in conjunction PAH weathering ratios indicate that greatest 
degradation occurred under under advective-dispersive transport processes, and when amended 
with N and P (DO > 5 mg/L, > 6 mg-N/L, and > 0.6 mg-P/L). When diffusive transport of O2 
occurred (in cross-flow reactors) there was no substantial degradation of PAHs. Application of 
fluxes indicate that advective-dispersive transport of oxygen could result in mineralization of 1 
cm3 of oil on the order of months; diffusive transport in approximately hundreds of years.It can 
be concluded that aerobic degradation of MC252 oil deposits on Fourchon Beach will be 
controlled by field transport mechanisms of available nutrients and O2.  
  
4.2 Future Research 
 Future research opportunities exist stemming from this current work. Investigation into 
microbial quantification and characterization would be tremendously advantageous to this study. 
Kinetics exploring PAH degradation rates by specific metabolic pathways would further detail 
this work. In addition, alkane concentrations can be quantified on oil samples for confirmation of 
weathering patterns. Finally more work exploring fully anaerobic degradation under sulfate 
reducing conditions in cross-flow regimes would be beneficial to fully understanding oil 
degradation in situations that currently exist on Fourchon Beach.   
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APPENDIX A: PAH CONCENTRATIONS 
 
 
  Experiment 1 initial and final PAH concentrations (µg/g) by treatment 
Compound Initial  Tidal, N Tidal, Air Constant 
Naphthalene 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
C1-naphthalenes 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
C2-naphthalenes 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
C3-naphthalenes 0.10 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
Phenanthrene 0.04 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.04 
C4-naphthalenes 0.12 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 
Dibenzothiophene 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
C1-phenanthrenes 0.29 ± 0.06 0.00 ± 0.00 0.00 ± 0.00 0.15 ± 0.07 
C1-dibenzothiophenes 0.07 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
C2-phenanthrenes 1.72 ± 0.84 0.00 ± 0.00 0.03 ± 0.02 0.74 ± 0.30 
C2-dibenzothiophenes 0.62 ± 0.35 0.00 ± 0.00 0.00 ± 0.00 0.26 ± 0.13 
C3-phenanthrenes 1.65 ± 1.00 0.00 ± 0.00 0.04 ± 0.02 0.78 ± 0.39 
C3-dibenzothiophenes 1.85 ±  1.02 0.05 ± 0.02 0.14 ± 0.03 0.64 ± 0.25 
Chrysene 0.31 ± 0.03 0.00 ± 0.00 0.01 ± 0.01 0.20 ± 0.10 
C4-phenanthrenes 1.58 ± 0.82 0.00 ± 0.00 0.12 ± 0.03 0.77 ± 0.35 
C1-chrysenes 0.39 ± 0.14 0.00 ± 0.00 0.01 ± 0.00 0.24 ± 0.10 
C2-chrysenes 0.31 ± 0.14 0.00 ± 0.00 0.00 ± 0.00 0.17 ± 0.09 
C3-chrysenes 0.17 ± 0.08 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.03 
Hopanes 0.43 ± 0.14 0.04 ± 0.00 0.09 ± 0.01 0.36 ± 0.11 
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  Experiment 2 initial and final PAH concentrations (µg/g) by treatment 
Compound Initial  Air, N N, Low DO Low DO 
Naphthalene 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
C1-naphthalenes 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
C2-naphthalenes 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
C3-naphthalenes 1.00 ± 0.15 0.01 ± 0.00 0.02 ± 0.02 0.73 ± 0.90 
Phenanthrene 0.72 ± 0.12 0.01 ± 0.00 0.13 ± 0.14 0.75 ± 0.96 
C4-naphthalenes 1.61 ± 0.32 0.01 ± 0.00 0.15 ± 0.32 1.70 ± 1.98 
Dibenzothiophene 0.07 ± 0.03 0.01 ± 0.00 0.01 ± 0.00 0.07 ± 0.12 
C1-phenanthrenes 3.2 ± 0.29 0.02 ± 0.01 1.50 ± 1.24 8.55 ± 9.25 
C1-dibenzothiophenes 0.83 ± 0.03 0.01 ± 0.00 0.15 ± 0.17 1.07 ± 1.24 
C2-phenanthrenes 10.31 ± 1.10 0.44 ± 0.32 5.13 ± 3.49 18.16 ± 18.06 
C2-dibenzothiophenes 3.84 ± 0.38 0.11 ± 0.09 1.66 ± 1.15 5.77 ± 5.51 
C3-phenanthrenes 9.32 ± 0.85 0.53 ± 0.45 5.43 ± 3.30 15.73 ± 14.73 
C3-dibenzothiophenes 3.62 ±  0.12 0.35 ± 0.17 2.07 ± 1.39 6.63 ± 5.77 
Chrysene 1.06 ± 0.05 0.18 ± 0.16 0.79 ± 0.39 1.73 ±1.44 
C4-phenanthrenes 4.06 ± 0.08 0.33 ± 0.29 3.32 ± 1.76 8.97 ± 7.88 
C1-chrysenes 1.55 ± 0.04 0.27 ± 0.17 1.37 ± 0.65 3.59 ± 3.18 
C2-chrysenes 1.44 ± 0.00 0.23 ± 0.17 1.28 ± 0.56 2.91 ± 2.60 
C3-chrysenes 0.88 ± 0.02 0.16 ± 0.13 0.80 ± 0.35 1.96 ± 1.78 
Hopanes 1.61 ± 0.03 0.51 ± 0.23 1.79 ± 0.64 2.58 ± 1.87 
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Experiment 3 initial and final PAH concentrations (µg/g) by treatment 
Compound Initial  Air, N Air Constant 
Naphthalene 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
C1-naphthalenes 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
C2-naphthalenes 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
C3-naphthalenes 1.00 ± 0.15 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
Phenanthrene 0.72 ± 0.12 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.03 
C4-naphthalenes 1.61 ± 0.32 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
Dibenzothiophene 0.07 ± 0.03 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
C1-phenanthrenes 3.2 ± 0.29 0.28 ± 0.19 0.36 ± 0.16 0.31 ± 0.20 
C1-dibenzothiophenes 0.83 ± 0.03 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
C2-phenanthrenes 10.31 ± 1.10 1.04 ± 0.48 1.10 ± 0.36 1.08 ± 0.46 
C2-dibenzothiophenes 3.84 ± 0.38 0.27 ± 0.14 0.32 ± 0.13 0.30 ± 0.14 
C3-phenanthrenes 9.32 ± 0.85 0.70 ± 0.31 0.81 ± 0.32 0.76 ± 0.38 
C3-dibenzothiophenes 3.62 ±  0.12 0.24 ± 0.08 0.25 ± 0.06 0.84 ± 0.78 
Chrysene 1.06 ± 0.05 0.02 ± 0.01 0.03 ± 0.02 0.03 ± 0.02 
C4-phenanthrenes 4.06 ± 0.08 0.36 ± 0.17 0.31 ± 0.05 0.34 ± 0.18 
C1-chrysenes 1.55 ± 0.04 0.04 ± 0.04 0.05 ± 0.04 0.06 ± 0.05 
C2-chrysenes 1.44 ± 0.00 0.02 ± 0.02 0.01 ± 0.00 0.02 ± 0.01 
C3-chrysenes 0.88 ± 0.02 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
Hopanes 1.61 ± 0.03 0.12 ± 0.05 0.10 ± 0.03 0.12 ± 0.04 
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                       Final concentrations of soluble PAHs in Experiments 1 and 2 
Treatment 
Σ Phenanthrenes 
(μg/mL) 
Σ Chrysenes 
(μg/mL) 
ΣPAH (μg/mL) 
(μg/mL) 
1) Tidal, N 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 
1) Tidal, Air 0.00 ± 0.00 0.02 ± 0.03 0.03 ± 0.03 
1) Constant 0.00 ± 0.00 0.01 ± 0.02 0.02 ± 0.02 
2) Air, N 0.00 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 
2) N, Low DO 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 
2) Low DO 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 
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APPENDIX B: NUTRIENT MEASUREMENTS 
 
 NO2+NO3 mg-N/L for Experiment 1 
Week Tidal, Nutrient Tidal, Air Constant 
1 7.68 ± 0.29 (-7.98) ± 0.01 - 
2 (-38.43) ± 1.65 (-1.81) ± 0.55 (-3.68) ± 0.12 
3 21.45 ± 0.7 (-0.25) ± 0.16 (-0.22) ± 0.07 
4 (-39.39) ± 2.12 3.63 ± 0.31 3.83 ± 0.19 
5 6.94 ± 2.56 (-3.15) ± 0.16 (-3.27) ± 0.23 
6 - (-7.57) ± 0.21 (-7.57) ± 0.21 
7 1.44 ± 0.76 (-3.53) ± 0.24 (-3.81) ± 0.09 
8 39.12 ± 4.75 (-7.66) ± 0.29 (-1.01) ± 0.05 
11 (-20.10) ± 1.86 1.41 ± 0.05 - 
12 (-33.76) ± 2.13 (-3.23) ± 0.25 (-0.42) ± 0.05 
13 - 6.00 ±  0.40 5.44 ±  0.18 
14 47.99 ± 2.42 - - 
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